INTRODUCTION
Although many chemisorption studies have been carried out using surface science techniques, such as Auger Electron Spectroscopy (AES), Low Energy Electron Diffraction (LEED), and Ultraviolet and X-Ray Photoelectron Spectroscopy (UPS and XPS), the direct application of their results to interpret catalytic processes is not straightforward. One of the problems is that most of these studies are carried out over clean surfaces and under ultra-high vacuum conditions. The catalytic reactions, on the other hand, generally take place on surfaces covered with adsorbed species, and at several atmospheres of reactant gases. Then, the intermediates in the ·reactions need not neces~arily be related to the chemisorbed states of the reactants under vacuum conditions. Here, we attempt to find the relationship between the chemisorption process that occurs on clean surfaces and the mechanism of the catalytic reaction under high pressures for the case of the hydrogenation of ethylene over platinum surfaces.
Since its discovery by Sabatier and Senderens in 1897 [1] , the hydrogenation of ethylene over high surface area metallic catalysts has been extensively studied. However, up to now, the mechanistic details of the surface reaction are still unknown. In contrast, appreciable research effort has focused on the adsorption of ethylene on clean metallic surfaces under vacuum and ultra-high vacuum conditions [2, 3] . On (111) single crystal faces of most noble metals, alkenes are believed to lose ·, -3 - one hyd~ogen atom at around room temperature and form stable alkylidyne species on the surface [4] .
In the present work, the kinetic parameters for the hydrogenation of ethylene with hydrogen and deuterium were obtained on the Pt (111) crystal surface, and were in the range of those reported for supported platinum catalysts [5] . Evidence was obtained that partially hydrogenated carbonaceous deposits (most probably including ethylidyne fragments) cover the surface during reactions, but do not participate directly in the reaction mechanism. Also important is the fact that, from LEED evidence, the carbonaceous fragments were at least partially ordered after the high pressure reactions, and it is, to the best of our knowledge, the first case where the presence of ordered overlayers during catalytic reactions is reported. Finally, we propose that the hydrogenation reaction takes place on top of these carbonaceous residues instead of on the clean platinum surface. A mechanism involving ethylidene moities as intermediates is proposed to explain the specific details on how hydrogen incorporates into the ethylene molecule.
EXPERIMENTAL
All of the experiments were carried out in an ultra-high vacuum (UHV)/ high pressure apparatus designed for combined UHV surface analysis and high pressure studies using small area catalyst samples, as described in detail in previous publications [6] . This system is equipped with fourgrid electron optics for LEEU and AES, an ion gun for crystal cleaning, -4 -a quadrupole mass spectrometer, and a retractable internal isolation cell that constitutes part of a microbatch reactor in the 10-2 -10 atm pressure range. The reaction cell and the external recirculation loop were connected to an isolatable pressure gauge, a stainless steel bellows pump for circulation, and a gas chromatograph sampling valve.
Hydrocarbon conversion was monitored with a HP3880 gas chromatograph equipped with a 6'x1/8" chromosorb 104 column.
A platinum single crystal (99.998% purity) was cut to within one degree of the (111) orientation using standard procedures. The resulting thin disc ( ~ 0.5 mm thick) had about 1.5 cm 2 total area, of which less than 30% was polycrystalline (the edges of the crystal and the supporting wires). The crystal was spotwelded to a rotatable manipulator by using a serie~ of platinum, gold and cQpper supports [7) , that enabled the crystal to be heated to about 1400K without significant heating of any other part of the reaction chamber. Both crystal faces were cleaned by repeated argon ion sputtering, oxygen treatment, and annealing, until a well defined (1x1) LEED pattern was observed, and no Ca, Si, P, 0, S or C impurities were detected by AES. Research purity ethylene (Matheson, 99.98% purity), prepurified hydrogen (Matheson, 99.99% purity), and deuterium (Matheson, )99.5% atomic purity) were used as supplied. Extra dry nitrogen (Matheson, 99.9% purity) was passed over a molecular sieve trap before use.
In order to perform high pressure experiments, the reaction cell was closed, enclosing the clean crystal within the high pressure loop, which was •,..
.--5-
then pressurized to about 150 torr with H2 for about one minute to cool the sample to room temperature. AES ~nalysis at this point never showed more than 10% carbon on the surface. The cell was then evacuated, and ethylene, hydrogen (or deuterium) and, if necessary, nitrogen (to maintain a constant total pressure), were sequentially introduced to the desired pressures. Circulation was commenced, and the crystal heated to the reaction temperature. The whole process took about 2-3 minutes. The reaction temperature was continuously regulated to within ± 2K using a precision temperature controller and a chromel-alumel thermocouple spotwelded to one face of the crystal. The temperature calibration was carefully checked using a isobutane-isobutene equilibrium mixture, as explained in detail in ref. 8 .
The product f~rmation was followed by g-as chromatography, mass spectrometry, or both. Initial reaction rates were determined graphically from the slopes of product accumulation curves as a function of time. They were reproducible within 5%. Hlank experiments using platinum surfaces covered with graphitic carbon that formed upon heating the crystal in an hydrocarbon atmosphere at 750-SOOK, showed a low level of background catalytic activity, never higher than 10% of the activity measured for clean platinum.
For the deuteration experiments, the deuterium distribution was obtained mass spectrometically. During reactions, the gas mixture was leaked to the vacuum chamber at a rate of about 50 mm3 per minute,. so that a base pressure of about 1x1o-7 torr was maintained inside the main chamber, and mass spectra in the 1-50 amu range were recorded periodically. The electron energy of the ionizer was set to 70 Volts. The composition of -6 -the mixture was obtained by deconvoluting the data between 26 and 36 amu using spectra for the pure gases reported in ref 9 . The spectra for pure ethylene and ethane were similar to those obtained using the experimental spectrometer ioniser settings. As a further check on the reliability of this procedure, kinetic studies were performed simultaneously with both mass spectrometric and gas chromatographic detection. The agreement between the two techniques was excellent, as shown by the example in fig. 1 .
After completion of the reaction, the crystal was cooled to room temperature, the loop evacuated to below 10-3 torr using a sorption pump, and the cell opened, to expose the sample to ultra-high vacuum. The resulting surface was examined by using LEED, AES, and also by Thermal Desorption Spectrometry (TDS), monitoring the Hz (~ amu) or Dz (4 amu) evolution.
RESULTS
The hydrogenation of ethylene to ethane using both hydrogen and deuterium.was investigated over the flat close packed platinum (111) surface at temperatures between 300 and 373K. The total pressure of the gases was kept constant at 110 torr by adding nitrogen to the reaction mixture when necessary. The standard reaction conditions were pressures of 10 torr of ethylene and 20 torr of hydrogen (or deuterium), unless indicated otherwise. A typical product accumulation curve, determined as a function of reaction time, is shown in figure 1 . The reaction rates, which were constant up to high conversions, were calculated from the slopes of these plots. Arrhenius plots of the initial rates of hydrogenation using (table II) . Hydrogen (2 amu) and deuterium (4 amu) TDS were obtained after reactions by heating the crystal at a constant rate of -40 K/sec, and recording the desired partial pressure using the mass spectrometer. Examples are shown in figure 7. These desorption profiles, which exhibit maxima at 530 and 670K, were similar to those obtained from adsorbed ethylidyne [4) . The only new feature in the spectra is the shoulder at about 450K, due to desorption of coadsorbed hydrogen (or deuterium). The upper spectrum was obtained after a series of reactions of ethylene with Hz, between 300 and 370K, whereas the lower spectrum was obtained after similar reactions, but with Dz. To compare the spectra, it should be pointed out that the mass spectrometer sensitivity to Hz is about 1.7 These carbon residues are partially hydrogenated, with hydrogen to carbon ratio (obtained by measurement of the H2 TDS area and the C/Pt AES ratio) very close to that for ethylidyne (that is, 1.5 H atoms/C atom).
DISCUSSION
The hydrogenation of ethylene using either hydrogen or deuterium on Pt (Table III) . For instance, most of the reported activation energies lie between the values of 9 and 11 Kcal/ mole [11] [12] [13] [14] [15] . Bond and coworkers studied the reaction of ethylene with deuterium over different platinum catalysts, and reported reaction rate orders in hydrogen and ethylene partial pressures of 1.2 and -o.5, respectively [5, 16) . They also reported a deuterium distribution in the resulting ethane that qualitatively agrees with that obtained in our work. Also, the hydrogenation reaction over five different types of catalysts was essentially structure insensitive. In that respect, it is of interest to note that the absolute reaction rates obtained here for the platinum single crystals are within the range of those reported in the literature already cited for supported high surface area polycrystalline platinum catalysts.
The AES spectra after reactions always reveal the presence of surface carbon. Furthermore, when reactions were started on surfaces covered by hydrocarbon fragments, either by retaining the carbonaceous deposits from previous reactions or by predosing the surface with ethylene under UHV conditions, the rates were identical to those when starting with a clean surface. ln addition, the hydrogenation of these fragments are much slower that the rates of ethylene hydrogenation ( fig. 8 and ref 20) , but no reaction self-poisoning was detected during the experiments (i.e., over several hours). These observations suggest that the hydrogenation reaction takes place on a surface covered with partially hydrogenated carbon fragments. The (2x2) LEED pattern obtained after reactions, the shape of the H 2 TDS spectra that results from the thermal decomposition of these adsorbates, and the similar kinetic results for the ethylene fig. 9 (together with similar structures for alkylidynes derived from propylene and butene). One difference between the low pressure and the high pres~ure studies is the presence of a small amount of coadsorbed hydrogen in the latter case, that appears as a low temperature shoulder in the thermal desorption spectrum of H2 ( fig. 7 ).
Since the surface is analyzed after returning the platinum crystal to UHV conditions, there is always the possibility that changes take place on the surface during the pumping process. However, it is known that ethylidyne on Pt (111) is stable between about 300K and 400K, and experiments of repeated pressurization with H2 and subsequent evacuation show that its composition and structure remains unchanged while restoring vacuum conditions, as checked by LEED and HREELS [20] . Also, since there is a high pressure of ethylene during reactions (10-20 torr) and ethylidyne rehydrogenation at room temperature is slow [21] , the platinum surface is believed to be saturated with ethylidyne during and after UHV conditions at 400K and low ethylidyne coverages [22] . However, recent preliminary studies in this laboratory indicate that, in fact, very little exchange takes place at room temperature in an atmosphere of 150 torr D2 rather than UHV conditions. Even after long D2 exposures at temperatures as high as 370K, the extent of exchange was never more -13 -than 40% ( fig. 7) . Also, work on Rh (111) surfaces using HREELS has suggested similar conclusions [23}. It seems that the rate of this deuterium exchange depends on the ethylidyne coverage, being slower at saturation coverage (that is the situation that prevails during hydrogenation reactions). Further work is under way to clarify this point.
In view of all the evidence, a main conclusion of this work is that the hydrogenation of ethylene does not take place on the clean metallic surface, but rather on top of a layer of carbonaceous fragments, which TDS, LEED and AES results strongly suggest are composed of ethylidyne adsorbates. The bond of unsaturated hydrocarbons to metals is too strong to allow them to desorb at room temperature, but a bond to the covering carbonaceous deposits could be, on the other hand, within the energetic range required for the catalytic reaction to take place. If that is the case, perhaps the future surface science work should focus not only on chemisorption on clean surfaces, but on surfaces that have been already exposed to the reactant gases. The main problem is that the weak reversible chemisorption expected in the latter case is hard to achieve under UHV conditions. One way around this could be to work at lower temperatu- When kinetic studies are carried out in a batch reactor, the intermediate products accumulate with time in the reactant mixture, modifying the rate of the subsequent reactions. This is the reason why the amount of extra deuterium in the ethane coming from deuterated ethylene is not just directly proportional to the deuterium exchange rate of the ethylene. In the following appendix, we estimate this exchange rate out of the data in fig. 4 .
If there were no deuterium exchange of the ethylene, the deuterium content of the resulting ethane would be constant, C2H6-M•~,, where M'
should ideally be 2, but was found experimentally to be about 1.64.
However, due to the incorporation of deuterium atoms in the ethylene, M increases with time, as seen in fig. 4 . The side reaction involved can be written as
The exchange of ethane with deuterium can be ruled out as a source of deuterated ethane, since this reaction does not take place until much higher temperatures (above 550K, see ref 25 ).
We will assume in our derivation that Rhyd is constant, as found expe-1.31 -0.60 rimentally, since Rhyd • kPo Pc X , and the two pressure factors al-
most cancel out up to 80% conversion (see table V ). Rexc will be assumed to be either constant or linearly dependent on Pc X • 2 4
The rate of formation of ethane with an extra deuterium atom will be 
where the asterisk denotes initial pressure. Substituing eqs. (3) and (4) into eq. (2): .
Rexc•t -Ped ( 5) This equation is hard to solve as written, since there are some cross terms involved. However, using a Taylor series expansion about t=O, and assuming that the rate of formation of Ped is constant at least at the beggining of the reaction, eq. 5 is reduced to: (6) Integrating the previous equation, substituing for the conversion frac-* tion of ethylene to ethane, F = (Rhyd•t)/Pc a , and taking the limiting -18 -case when F<<1: (7) From this, the rate of exchange is:
If the rate of exchange is slow enough, only one deuterium per ethylene molecule will be present in the reaction mixture, and and
The first factor in this expresion can be estimated form the fig. 4 in equation (5) is that Rexc has to be substituted by (11) Following the same procedure as before 
